This paper presents a new maximum power point tracking (MPPT) method based on the measurement of temperature and shortcircuit current, in a simple and efficient approach. These measurements, which can precisely define the maximum power point (MPP), have not been used together in other existing techniques. The temperature is measured with a low cost sensor and the solar irradiance is estimated through the relationship of the measured short-circuit current and its reference. Fast tracking speed and stable steady-state operation are advantages of this technique, which presents higher performance when compared to other well-known techniques.
Introduction
The use of renewable energy sources is a trend nowadays. The main renewable energy sources are wind and solar sources. The first depends on the movement of wind turbines, which limits its application to specific geographical areas, where the wind is constant [1] . The solar energy source depends mainly on the sunlight, which is abundant on Earth and provides about 63 TW of power, daily [2] .
Photovoltaic systems are an interesting alternative energy source. However, the barriers to its popularization are the cost of installation [3] and low efficiency of photovoltaic conversion, which is about 13% to 18% on average [3, 4] . Due to its low performance, it is essential to extract all available PV module energy.
Modeling of a given PV module involves the analysis of its current versus voltage curve. This characteristic is nonlinear, and the maximum power point (MPP) changes with both solar irradiance and temperature.
Within this context, finding a proper MPP is often a difficult task that can be performed with maximum power point tracking (MPPT) systems.
MPPT systems modify the current and voltage of the PV module, causing it to operate at its MPP. At this point, the product of current and voltage of the PV module is maximum, as illustrated in Figure 1 .
Any different point in these curves will cause the module to operate below its maximum power. To ensure that the MPP is maintained in any irradiance and temperature condition, MPPT techniques are used to define the operating point of the PV module.
MPPT Techniques
There are several techniques to achieve the MPP, which differ in some aspects, such as online or offline methods, search techniques, artificial intelligence-based methods, and modelbased or model-free methods [5] [6] [7] [8] [9] [10] [11] .
Online methods need continuous sampling of system variables, to update the PV module measurements and, therefore, the MPP. Offline techniques are simpler and the operating points are predefined for a specific situation, without system data update [8] .
Search techniques use system disturbances to find the maximum power point. The power output, resultant from this disturbance, is the parameter to define the MPP [12] . 
Constant voltage
Temperature gradient
Proposed method (I&T) Artificial intelligence-based methods use complex mathematical models and systems that require high computational efforts, to obtain an accurate and reliable model of the × curve. The system modeling allows the determination of the MPP with high accuracy level [7] .
The model-based methods require system parameters, as the internal resistances and the maximum values of current and voltage in the Standard Test Condition (STC), to track the MPP. On the other hand, model-free systems establish the MPP with measurements of the PV module output [11] . Figure 2 shows the block diagram representations of six distinct MPPT methods. The first five MPPT methods are frequently reported in the literature [12] [13] [14] [15] [16] [17] [18] [19] [20] and the last one is the proposed method. In the constant voltage method [6, 15] , the voltage at the MPP is established to the STC ( MPP(STC) ) and the voltage across the PV module ( PV ) is compared to this value, through
The duty cycle output ( ) is the result of the voltage error ( error = MPP(STC) − PV ) and the reference signal (saw-tooth wave) comparison.
The temperature gradient technique [16, 17] uses the PV module temperature ( ) to modify MPP(STC) , according to the voltage/temperature coefficient ( ), as seen in (2) . The coefficient varies according to the type of module and its manufacturing process [12] :
Another widespread method is the open-circuit voltage [14, 18] . This method uses the open-circuit voltage ( OC ) to estimate the MPP by means of a constant (between 0.7 and 0.8), which is related to the MPP . This can be observed in
A similar technique is the short-circuit current [19, 20] where such parameter ( SC ) is compared with the output current ( PV ) through a constant (0.7 to 0.95), causing it to converge to the MPP. This relationship is presented in
The perturb and observe (P&O) is another method widely used in commercial systems [12, 13] . It operates by periodically changing the duty cycle ( ) of the dc-dc converter, International Journal of Photoenergy comparing the previous ( 0 ) and present ( 1 ) output power, indicating whether should increase or decrease to reach the MPP, according to
If a certain perturbation causes an increase (or decrease) in power output, the following perturbation is made in the same (or opposite) direction. In this manner, the P&O continuously seeks the MPP [12] . This paper proposes the I&T method, a new technique of MPPT. It uses two variables, the short-circuit current and temperature, which have not been used at the same time in other existing techniques. These variables are directly related to the influence of the irradiance and temperature on the PV module characteristics. The irradiance measurement is an important task and it is accomplished with a pyranometer sensor [21] . However, its cost is almost a hundred times greater than a voltage/current sensor. To overcome this drawback, in the I&T method, the irradiance is evaluated through the relation of the measured short-circuit current and its reference at STC. This method uses low cost sensors to measure temperature and current, which accurately define the MPP.
PV Module
The operating principle of the silicon PV cell is the conversion of energy from the sun, of a specific wavelength (from 300 nm to 1100 nm), into current [22] . The PV module is made of light sensitive semiconductor, which produces energy from solar radiation [4] .
The circuit model of the PV module is shown in Figure 3 . There are other models in the literature; however, the one used in this paper is simple and has satisfactory performance [11] .
The incidence of light on the cell produces charge carriers that originate the photogenerated current ph . is the reverse saturation current of the PN junction. The series ( ) and shunt ( ) resistances represent the sum of several structural resistances and the effect of the leakage current on the PN junction, which depends on the fabrication method of the PV cell [23] . 
where is the PV module voltage, is the measured temperature, is the electron charge (1,6 × 10 −19 C), is the PN junction ideality factor, and is the Boltzmann constant (1,38 × 10
In order to analyze the PV module behavior, (6) was modeled in MATLAB/Simulink and its parameters were adjusted to the Kyocera KS-10 module, presented in Table 1 .
The current versus voltage curves, comparing the datasheet points and the simulated data, are shown in Figures 4 and 5. It is possible to observe from these figures that the simulation results are very similar to those presented in the PV module datasheet [24] . These curves are close to the datasheet points, particularly when there is no temperature variation. Since the photogenerated current is a function of temperature and irradiance, (6) can be rewritten as
where SC ref is the reference short-circuit current, is the sensitivity of current with respect to temperature, ref is the temperature under STC (25 ∘ C), is the measured irradiance, and ref is the reference irradiance (1000 W/m 2 ). Equation (7) models the behavior of the PV module, which is directly influenced by irradiance and temperature. In general, as the irradiance increases the PV power increases, while increasing temperature results in PV power reduction [11] , as can be seen in Figures 6 and 7 .
Based on the observed characteristics and equations, the dependence of the aforementioned variables on the MPP can be evaluated. The method developed by Moradi et al. [11] can extract higher power if compared to the other methods. It uses an irradiance sensor to estimate the MPP, which has high cost [21] , when compared with a current sensor cost, and prevents its use on systems with a large number of modules. Considering such limitations, a new and simple method to define the MPP is proposed.
Proposed I&T Method
This technique is based on the measurement of temperature and the estimation of irradiance through the relationship between the measured short-circuit current SC and the reference short-circuit current SC ref .
The short-circuit current is directly proportional to the irradiance [19] . Besides, the temperature measurement contributes to the increase of the accuracy of the mathematical model. Based on the analysis of (7) and the aforementioned parameters, we can derive the following:
It is necessary to define the output voltage , in order to use (8) as the control system variable. Several approaches to establish this voltage, which directly influences the MPP, were evaluated [5, 7, 11, 23] . The open-circuit voltage defined in [5] is the best way of estimating this voltage level. Therefore, (9) can replace (8), which is responsible for estimating the MPP in the proposed method:
The control variable of this method is the maximum power point current MPP , obtained with (9) . The output current is measured continuously, and its value is compared with MPP .
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Results
The flowchart of the I&T method is quite simple and can be seen in Figure 8 ∘ C, considering that slight variations will not significantly modify the operating point. The same happens with Δ ref , which is set at 6 mA, causing the module to disconnect the load to measure SC only when the operating conditions have a considerable change.
In the flowchart, after system initialization, MPP parameter is defined using (9) and the PV module current PV is measured. It is verified if the difference between these currents exceeds the reference variation Δ ref . In the affirmative case, which means that a significant change in the operating conditions was made, short-circuit current SC [5, 9, 11, 25] , to verify any changes in operating conditions and determine whether SC is supposed to be measured. It does effectively occur if the operating conditions change significantly. Monitoring PV is necessary in order to avoid unnecessary losses [6] .
A PV system composed of a single KS-10 module associated with a dc-dc buck converter was simulated in MATLAB/ Simulink. The system and its parameters are presented in Figure 9 .
Two sets of tests were carried out to verify the performance of the six MPPT methods, concerning irradiance and temperature variations. For the first test, temperature is kept constant at 45 ∘ C and irradiance varies from 100 W/m 2 to 1000 W/m 2 , in order to evaluate the steady-state behavior of the system [5] . The results are shown in Figure 10 .
From Figure 10 it can be seen that the highest efficiency methods are the I&T, P&O, and temperature gradient, respectively. The efficiency values indicate a good approximation of the MPP in steady state.
A closer look in the simulation results of Figure 10 , obtained from the six MPPT methods, regarding PV power output with respect to time, in the situation of 1000 W/m 2 and 45 ∘ C, is shown in Figure 11 .
In the condition of 1000 W/m 2 and 45 ∘ C it is possible to observe that the systems with the smaller oscillations around the MPP are, in this order, the I&T, short-circuit current, and open-circuit voltage. Despite having low oscillation in the MPP, seen in Figure 11 , the average efficiency of shortcircuit current and open-circuit voltage methods is below other methods, as shown in Figure 10 . This is mainly due to the need for periodic sampling and disconnection of the circuit for parameters measurements. Other four situations have also been evaluated: standard test condition (1000 W/m 2 , 25 ∘ C); step change in irradiance (1000 W/m 2 to 500 W/m 2 ); step change in temperature (from 65 ∘ C to 25 ∘ C); and, finally, both step changes in irradiance and temperature. The results are presented in Figure 12 .
The proposed method (I&T) efficiency in Figure 12 is the highest, when compared to other methods, in all situations. It suggests that this method is appropriate to situations of large modifications of irradiance and temperature.
The tracking efficiency is analyzed in Figure 13 , for the situation where both step changes in irradiance and temperature occur (1000 W/m 2 to 500 W/m 2 and 65 ∘ C to 25 ∘ C). The output power of each method is graphically compared with the maximum power (dashed line).
From results, presented in Figures 10 to 13 , it is possible to notice that the use of a reduced number of sensors in methods, such as constant voltage and temperature gradient, has direct impact on the MPPT efficiency, especially at low irradiance levels. The open-circuit voltage and shortcircuit current methods perform periodic sampling of the PV module parameters. These methods present considerable power losses due to the need of disconnecting the circuit for measurement, as well as operating at lower power points between samples [6, 14] . P&O method has high efficiency. However, the output power oscillates around the MPP in steady-state condition and the technique is not adequate when there are abrupt variations of solar irradiance [6, 12] . Additionally, it requires greater computational effort Figure 12 : Efficiency of MPPT techniques considering both irradiance and temperature variation. because the extracted power is supposed to be calculated continuously.
The proposed I&T method has the highest efficiency among all evaluated methods, as seen in Figures 10 to 13 , without requiring high computational effort or the use of expensive and complex sensors. Moreover, it presents low ripple in steady-state condition and fast tracking speed, which could be observed in Figure 13 .
Furthermore, by comparing the I&T method results in Figure 10 with the high efficiency TSSE method described by Christy Mano Raj and Ebenezer Jeyakumar [5] , the former presents improved performance in 60% of cases, particularly at high irradiance levels, as can be seen in Table 2 .
Conclusion
This work has presented a new MPPT technique whose performance is better than other compared methods. The proposed method measures PV temperature and estimates the irradiance through the relationship of the measured short-circuit current and its reference at STC, which is proportional to the irradiance variation and precisely defines the MPP.
Stable steady-state operation and reduced computational efforts are additional features of this approach, which allows it to have lower hardware costs. The I&T method, according to the simulation results, can extract more than 99.85% of the available power.
